Materials undergoing antiferroelectric/ferroelectric (AFE/FE) transitions are studied for possible applications that exploit the large volume, charge and entropy differences between the two states, such as electrocaloric cooling, energy storage, electromechanical actuators. Though certain compositions of PbZr1−xTixO3 (PZT) codoped with La and Sn may withstand millions of electrically induced AFE/FE cycles, in other cases few thermally induced cycles and room temperature aging may cause noticeable changes in the material properties. This is particularly evident in the elastic moduli, which at room temperature can become as much as four times softer. In order to get more insight into the mechanisms involved in such elastic aging and full recovering with mild annealing at 600 − 800 K, the effect of La doping on PbZr0.954Ti0.046O3 is studied with anelastic measurements. Complete suppression of the time dependent phenomena is found after the transformation of the intermediate FE phase into incommensurate AFE by 2% La doping. This is discussed in terms of disappearance of the stress and electric fields at the FE/AFE interfaces, in the light of the thermally activated anelastic relaxation processes that are observed at high temperature, and are due to mobile defects, presumably O vacancies.
I. INTRODUCTION
Among the antiferroelectric materials, PbZrO 3 -based perovskites have been intensively investigated due to their electrically induced antiferroelectric/ferroelectric (AFE/FE) transition, which is generally accompanied by large changes in volume and charge 1 . These properties are very appealing for potential use in various applications such as strain actuators, high energy storage capacitors, pulsed power generators, etc 1, 2 . Various doping strategies have been employed to tailor the phase transformation behavior of PbZrO 3 -based materials in order to improve their performances. Thus, the most widely used dopants to reduce the critical field are La 3+ , Ba 2+ , Ca 2+ on the Pb 2+ site and Sn 4+ , Ti 4+ and Nb 5+ on the Zr 4+ site 1, 3 . The AFE/FE transition in PbZrO 3 -based perovskites is also associated with high entropy changes and electrocaloric/pyroelectric effects, which are very interesting for novel applications such as solid state cooling and pyroelectric energy harvesting [4] [5] [6] [7] . For example, in Pb 0.97 La 0.02 (Zr 0.95 Ti 0.05 )O 3 a maximum reversible adiabatic temperature change of 8.5
• C has been obtained near the phase transition temperature together with a very large recoverable energy density of 12.4 J/cm 3 at room temperature 5 . Materials that are both AFE and FE and show electrocaloric effect and devices based on them have been recently reviewed in Refs. 6-8, and their readiness for use in heat pumping applications has been pointed out. Actually solid-state cooling devices, including those based on the electrocaloric effect, are among the priorities in various national and international energy programs, as listed e.g. in Refs. 6 and 7. However, major challenges for introducing ferroic materials in practical cooling applications are still unsolved. Since electrocaloric cooling uses the entropy changes associated with first order phase transformations, structural changes and fatigue under repetitive electrical stress are important issues 6 . Cycle stability and fatigue are also fundamental issues for electromechanical actuators. Both refrigeration devices and strain actuators must withstand a huge number of cycles during their lifetime, and therefore understanding effects like creep and fatigue, occurring at longer functioning time scale, is mandatory for practical applications.
Previous works showed that the formation of the AFE phase in undoped and doped PbZrO 3 may be slow and accompanied by aging phenomena, and it has been proposed that this is due to extended defects forming at the FE/AFE interfaces in order to accommodate the large volume difference between the AFE and FE phases 9 . Aging and thermal cycling through the AFE/FE transition may also cause outstanding softenings of the Young's modulus and splitting of the antipolar and octahedral tilt modes involved in the AFE/FE transition, which however can be fully recovered with mild annealing 10, 11, 12 . In order to better understand the nature of these phenomena in PbZrO 3 -based materials, and in particular whether the orthorhombic AFE phase itself plays a particular role, we study here the effect of La doping on the elastic aging. 15, 16 . The oxide powders were calcined at 800
• C for 4 hours, pressed into bars for the anelastic and into pellets for the dielectric experiments, sintered at 1250
• C for 2 h and packed with PbZrO 3 + 5wt% excess ZrO 2 to prevent PbO loss. The powder X-ray diffraction did not reveal any trace of impurity phases. The densities were about 95% of the theoretical values and the grains were large, with sizes of 5 − 20 µm. Diffractograms were also measured around the AFE/FE transition and fitted with the Rietveld method, in order to extract the pseudocubic cell volumes of the coexisting O-AFE (P bam space group 17 ), IC-AFE (no space group is reported for this phase and we used P nnm 18 ) and R-FE phases (R3m space group 19 ). For the anelastic experiments bars were cut 0.6 mm thick and up to 4 cm long and Ag paint electrodes were applied to the bars and pellets. The dielectric permittivity ε = ε ′ − iε ′′ , with losses tan δ = ε ′′ /ε ′ , was measured with a HP 4284A LCR meter with a four-wire probe and an electric field of 0.5 V/mm, between 0.2 and 200 kHz, controlling temperature with a modified Linkam HFS600E-PB4 stage. The dynamic Young's modulus E = E ′ − iE ′′ , was measured by suspending the bars on thin thermocouple wires in vacuum and electrostatically exciting their flexural modes 20 . The data are presented as compliance s = 1/E = s ′ − is ′′ , normalized to the stiffer value s 0 in the PE phase, with losses Q −1 = s ′′ /s ′ . The real part was deduced from the resonance frequency
, with f 0 = 1−5 kHz for the fundamental mode, depending on the sample composition and length.
III. RESULTS Figure 1 shows the real parts and losses of the dielectric permittivity ε (red) and elastic compliance s (blue) of PZT 95.4/4.6, measured at 1 kHz and ∼ 1.9 kHz respectively, during heating (open symbols) and cooling (closed symbols). When cooling through T C from the cubic (C) paraelectric (PE) to the rhombohedral (R) FE phase, there is a drop of ε ′ and positive jump of s ′ . The jump in ε ′ is due to the first order nature of the transition, though the thermal hysteresis is only 2.5 K. Notice the logarithmic scale of ε ′ in order to put in evidence the anomalies at the AFE transitions. The transition between the R-FE and the orthorhombic (O) AFE phase has a large thermal hysteresis, and the susceptibility curves during cooling may strongly depend on the cooling rate and state of the sample 10, 11 . For this reason, the two temperatures T c AF from the s and ε curves are different, and the anomaly in ε ′ has not the same shape as during heating. Instead, the reverse transition during heating occurs always at the same temperature T h AF accompanied by a steplike increase of the susceptibilities. Figure 2 shows the evolution of the compliance of another sample of PLZT 95.4/4.6 during thermal cycles and aging at room temperature for overall one month. The sample of Fig. 1 also presents similar behavior, but was subjected to a smaller number of cycles and for a shorter time. The anomaly of s ′ at T h AF in Fig. 1 differs from those in Fig. 2 for the lack of a spike, which appeared in the fourth cycle (not shown). The shape of the elastic anomaly at T AF depends on the sample and its history and can be fitted with the superposition of two steps of opposite signs corresponding to the transitions in the polar and octahedral tilt modes; apparently, the transition kinetics of these modes may be differently affected by aging and fatigue, resulting in a variety of shapes 10, 11 . The spike arises from a slight shift in T of the centers of the two opposite steps. As described for similar compositions around 5% Ti 10,11 , there is a progressive softening associated both with aging at room temperature, in a state of coexisting AFE and FE phases, and with cycling through the temperature driven AFE/FE transitions. In the sample of Fig. 2 the compliance exhibits an impressive softening of nearly four times at room temperature with respect to the stiffer state just after a final high temperature annealing. Not all the measured s ′ curves are displayed for clarity; the numbers count the cycles that include runs through T h AF and sometimes T C , without exceeding it too much. In fact, when heated above 600 K, the sample starts recovering the original stiffness and shape of the anomaly at T AF , as shown by cycles 5 and 6. The latter was extended up to 850 K, causing so complete an anneal, that the stiffness subsequently reached at room temperature was even higher than at the starting point, where some aging had already occurred. Notice that no reoxygenation of excess O vacancies was possible during the high temperature cycles, because they were made in a vacuum better than 10 −5 mbar and at a fast rate, 5 − 6 K/min above 600 K. Similar tests have been conducted on PLZT 2/95.4/4.6. The anelastic and dielectric curves in the virgin state are shown in Fig. 3 . A major difference with the undoped composition is a closer correspondence between the ε curves during cooling and heating, with reduced thermal hysteresis T h AF − T c AF , indicating a faster kinetics and no complications of splitting of antiferrodistortive and polar modes below T AF . In addition, the elastic response of the intermediate phase between T AF and T C has changed, as put in evidence in Fig. 4 ; here the s ′ heating curves of undoped and La doped PZT are compared and the dashed region corresponds to the piezoelectric softening 22 within the FE phase of PZT, totally absent in PLZT, so that even the sign of the step at T AF has changed.
The disappearance of the piezoelectric softening with The La-doped composition has a completely different behavior under aging at room temperature and thermal cycling with respect to the undoped case, as shown in Fig. 6 .
In contrast with PZT, PLZT remains remarkably constant over time and cycles: the room temperature compliance remains within ±0.3% of the starting value during 9 cycles, one of which extended to 760 K, distributed over 410 days, and the s ′ and Q −1 steps at T AF are exactly reproducible. In addition, the amplitude of the s ′ step is greatly reduced with respect to PZT.
IV. DISCUSSION
The ion La 3+ in coordination 12 has a radius of 136 pm, instead of the 149 pm of Pb 2+ , and the consequent reduction of the cell volume is likely an important factor in the stabilization of the AFE phase, that has a smaller volume than the FE one 24 . This is confirmed by the volumes of the pseudocubic cells deduced from Rietveld refinements of the x-ray diffractograms taken around T AF and reported in Fig. 7 . There is a more than tenfold decrease of the volume misfit between the O-AFE and R-FE cells in PZT from (0.6 ± 0.07) % to (−0.04 ± 0.06) % for the O-AFE and IC-AFE cells in PLZT.
FIG. 7. Volumes of the pseudocubic unit cells R-FE (R3m), O-AFE (P bam)
and IC-AFE (P nnm) of PZT and PLZT around TAF. In the upper panel is the refinement of the spectrum of PZT at TAF with 51% Pbam + 49% R3m.
In addition, La
3+ on the Pb 2+ site, accompanied by Pb vacancies for charge compensation, is thought to destabilize the long range FE order 25 , because it introduces charge disorder and lacks the lone-pair that drives Pb 2+ off-center. In the phase diagram of Asada and Koyama 14 , which constitutes the (x = 0.05)−y −T section in Fig. 5 , the FE phase is found to be incommensurate, due to the concurrence of the AFE modes of Pb and of octahedral tilting. Note that also in La-free PZT with y (Ti) < 0.15 the R-FE phase undergoes a phase transition below T IT , which is evident in the compliance and therefore identified with non-polar short-range ordered (SRO) tilting of the octahedra 23 . The volume effect and the FE destabilization result in a rise of T AF with x (La) and change of the intermediate phase from R-FE to IC-AFE.
That the nature of the intermediate phase below T C is changed by 2% La doping is evident in the associated elastic anomaly (Fig. 4) . In undoped PZT, when cooling from the PE phase one finds a very extended precursor softening ending in a spike at T C and the compliance remains larger (or the modulus softer) in the FE phase. The softening in the FE phase is of piezoelectric origin 22 , and is therefore absent in the AFE phase. In fact, in Fig.  4 the s ′ curves of PZT and PLZT are very similar to each other, except for the lack of a higher plateau in the intermediate phase of PLZT.
More striking is the difference in the behaviors of the compliance during aging for the two compositions, illustrated in Figs. 2 and 6 . The compliance of PZT at room temperature spans a range of nearly 400% of the stiffer value in the virgin state, exceptional for a ceramic, while PLZT remains stable within ±0.3% after passing a larger number of cycles and 14 times longer aging.
The comparison between the two samples demonstrates that the elastic aging and fatigue in undoped PZT, the latter realized by the thermally induced transitions, are not simply related to the O-AFE phase, which is common to the two compositions, but are due to its coexistence with the FE phase. As a consequence, aging and fatigue must be connected to defects forming at the FE/AFE interfaces. The difference in volume between AFE and FE phases is the core of the explanations proposed for various aging and irreversible effects observed in diffraction and dielectric measurements of PZT-based materials 9, 24 . The accommodation of the misfit strain has been proposed to cause broken and dangling bonds 9 and to promote the migration of the larger Zr 4+ cations to the AFE domains and smaller Ti 4+ and La 3+ cations to the FE domains 24 . Also microcracking can be found in fatigued FE and AFE ceramics 26, 27 , but neither microcracking nor a large/small cation imbalance should be the cause of the elastic aging discussed here, because they are not expected to be recovered by mild annealing well below the sintering temperature. In fact, the strong electric and elastic fields that might possibly promote the cation migration during the coexistence of the AFE and FE domains are missing in the C-PE phase, and under such conditions the cation migration occurs only at the sintering temperature. Also the similar observation of partial recovery of electrically fatigued PLZST after heating at ∼ 770 K for 1 h has been discussed in terms of migration of V O or other charged species, rather than microcrack healing 27 . The total cancelation of elastic aging and fatigue with 2% La doping is likely the result of multiple mechanisms. First of all, the FE phase becomes IC-AFE, whose smaller volume is closer to that of the O-AFE phase, and therefore reduces the misfit between the coexisting phases when passing through the transition and aging within its region of thermal hysteresis. In addition to relieving the mechanical stresses, the substitution of the R-FE phase with IC-AFE, eliminates the electric fields at the borders of the FE domains, where the polarization charge is distributed 28 . Both the stress and electric fields would drive mobile defects like O vacancies 29 (V O ), which posses different charge and specific volume with respect to O 2− . Though we do not have a quantitative model, we think that the main mechanism behind the elastic aging and fatigue effects is the migration of V O to the charged and stressed walls between AFE and FE phases, followed by aggregation into relatively stable structures. Concentrations of few tenths of percent of V O are always present as a result of the PbO loss during sintering, and their hypothetical linear or planar aggregations would certainly dissolve during moderate annealing. Note that the annealings in Fig. 2 are made in a vacuum of < 10 −5 mbar, and therefore cannot fill V O , but simply dissolve their aggregations. It is not obvious, however, how aggregations of small concentrations of V O , likely well below 1%, would be able to soften the overall Young's modulus as much as observed. This remains an important point to be investigated, possibly with TEM and related techniques able to detect defect structures at the atomic level 30 .
As an additional mechanism, that contributes to preventing aging and fatigue in the La-doped material, one should consider the reduction or neutralization of the mobile defects. In fact, La 3+ substituting Pb 2+ is a donor, and makes the material electrically soft by improving the domain wall mobility, a phenomenon not well understood 31 but implicitly attributed to a reduction of the concentration of V O that pin the domains.
In principle, the hopping of V O should produce anelastic relaxation with one or more relaxation rates τ −1 , detectable as one or more peaks in the Q −1 at the temperatures T m and frequencies ω/2π satisfying ωτ (T m ) ≃ 1 21 , as found in SrTiO 3 32 . Yet, already the apparently simple case of cubic SrTiO 3 presents a complicated anelastic spectrum, due to isolated and variously aggregated V O , with activation energies spanning from 0.6 to 1 eV; PLZT has the additional complication of strong traps, like Pb vacancies, and other perturbations like La 3+ substituting Pb 2+ . Moreover, Q −1 maxima from relaxation processes with activation energies E < 0.9 eV are expected to appear at T m < 500 K, assuming τ = τ 0 exp (E/T ) with τ 0 ∼ 10 −13 s and f ∼ 2 kHz, and would be masked by the losses associated with the domain wall motion below T C . Indeed, we always observe at least two thermally activated Q −1 (T ) peaks in the cubic phase of Zr-rich PZT, indicated as P1 and P2 in Fig. 8 , and at least P1 at lower temperature may be due to hopping of V O , though not simply isolated V O in a regular lattice as in SrTiO 3 . In fact, the high apparent activation energy, deduced from the shift of the peak in temperature when frequency changes, indicates correlated motions, similarly to the processes described by the Vogel-Fulcher law exceeds E on approaching T 0 . The high temperature anelastic spectra of the two samples are shown in Fig. 8 and, without attempting interpretations of the nature of the thermally activated peaks P1 and P2, we can say that they are due to mobile defects and P1 is most likely due to V O , because the cations should not be able to perform 10 4 jumps per second below 700 K. Lanthanum doping does not suppress the heights of these peaks, but only shifts them to lower temperature, implying that about the same concentrations of defects is present, but with higher mobility. This observation seems to rule out a suppression of V O by La doping, at least in this case.
V. CONCLUSIONS
It is usually found that the AFE materials withstand repetitive electric cycling better than the FE materials 26, 33 with some compositions withstanding 10 7 cycles before appreciable decrease in the saturation polarization and strain. Yet, the Young's modulus of AFE PZT may suffer huge softenings, up to a factor of 1/4, simply upon aging at room temperature few weeks with few thermally induced AFE/FE transitions. Though the temperature induced AFE/FE transition are different from the field induced ones, which are thought to involve only strain-free 180
• switching, the magnitude of the presently reported phenomena suggests that materials for applications based on AFE/FE transitions, especially when induced by temperature changes, should be elastically tested also over long aging periods.
Doping with 2% La transforms the intermediate FE phase into IC-AFE, and completely suppresses the elastic aging: the Young's modulus is stable within ±0.3% over more than one year and several thermal cycles.
It is proposed that the migration of O vacancies under the electric and stress fields at the AFE/FE interfaces and their aggregation into stable structures play a role in the elastic aging, since rapid annealing in vacuum at 800 K is sufficient to completely recover the original stiffness.
The awareness of so large a dependence of the elastic moduli on the sample history and of the presence of recoverable extended defects should be important when studying the methods for limiting the crack formation and propagation in these materials 34, 35 .
system from the disordered tilted phase (with octahedral rotations about all axes) to the orthorhombic phase, untilted along the c axis. Now we are convinced of the importance of the piezoelectric softening in the FE phase, and therefore attribute the stiffening on cooling to the AF mode and the softening to the OT mode. What is written in Refs. 10 and 11 is valid if one exchanges AF with OT everywhere, except for some inessential comments to few fittings. Some of the fits of the s ′ (T ) curves are slightly different, due to the compatibility conditions between the different phases embedded in the fitting equations, but the parameters remain identical or very similar with AF and OT exchanged. Also the discussion of the effect of the loss of tilting about the c axis remains valid, though evidently it is not enough to transform into stiffening the expected softening at the onset of the long range order below TOT.
